Electron-beam lithography (EBL) was used to define an aminosilane nanopatterned surface in order to electrostatically self-assemble gold nanoparticles (Au NPs). The chemically modified nanopatterned surfaces were immersed into a Au NP solution to allow the Au NPs to self-assemble. Equilibrium self-assembly was achieved in only 20 min. The number of Au NPs that self-assembled on an aminosilane dot was controlled by manipulating the diameters of both the Au NPs and the dots. Adding salt to the Au NP solution enabled the Au NPs to self-assemble in greater numbers on the same sized dot. However, the preparation of the Au NP solution containing salt was sensitive to spikes in the salt concentration. These spikes led to aggregation of the Au NPs and non-specific deposition of Au NPs on the substrate. The Au NP patterned surfaces were immersed in a sodium hydroxide solution in order to lift-off the patterned Au NPs, but no lift-off was observed without adequate physical agitation. The van der Waals forces are too strong to allow for lift-off despite the absence of electrostatic forces.
Introduction
There has been a great deal of interest in the precise patterning of colloids on surfaces [1] [2] [3] [4] [5] [6] . Patterned colloids have been used for photonic crystals [7] , sensors [8] , and seeds for the growth of inorganic nanowires [9] . Electrostatic forces [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are very popular for patterning colloids because they are quick and long-range. The main ways in which electrostatic forces have been used to pattern colloids are by using patterned polyelectrolytes [11, 15, 21] or by using functional patterned surfaces [9-11, 17, 22, 23] .
Gold nanoparticles (Au NPs) are among the most commonly patterned colloids due to their stability and the wide range of ligands available to passivate the nanoparticle surface. Electrostatic patterning of Au NPs usually involves citrate-capped Au NPs, which have a negative surface charge, and a positively charged template. An aminosilane, such as 3-aminopropyltrimethoxysilane (APTMS), is commonly used to direct the electrostatic self-assembly of negatively charged Au NPs on Si substrates. It is often used in conjunction with another functional molecule that repels or prevents the Au NPs from non-specifically depositing on the non-aminosilane patterned areas [10, 17, 19, 20, 22] . In other cases, the resist remains on the Si surface to enable easy removal of non-specifically bound Au NPs [9, 10] .
Here, a top-down approach was used to pattern negatively charged Au NPs on a positively charged, nanopatterned surface that was fabricated by chemically modifying the electron-beam lithography (EBL) exposed surface of SiO 2 coated Si wafers. An aminosilane was used to direct the self-assembly in the absence of resist or a functional molecule that repels or prevents the Au NPs from sticking to the Figure 1 . Scheme for creating the chemically modified nanopatterned surface and self-assembling the Au NPs. After an oxide layer is grown, PMMA is spin cast on a Si wafer. After e-beam lithography and development of the dot patterns, aminosilane is deposited in the patterned areas via gas-phase silanization. After removing the remaining PMMA resist, the sample is dipped into a solution of citrate-capped Au NPs to induce self-assembly.
substrate. The relationship between the pattern size and Au NP size was investigated as to how many particles would assemble on a pattern. Also, the immersion time of the chemically modified nanopatterned surface in the colloidal solution and the salt concentration of the colloidal solution were investigated to determine their effects on the colloidal self-assembly. The stability of the electrostatic patterning was also investigated by attempting to disassemble the Au NPs using sodium hydroxide (NaOH) solutions.
Experimental details

Electron-beam lithography
Si wafers were purchased and a 45 nm layer of thermal oxide was grown. The oxide thickness was checked using ellipsometry. As schematically illustrated in figure 1, after a dehydration bake at 150 • C for 5 min on a hot plate, PMMA resist (PMMA 950k A2, MicroChem) was spin cast onto the wafer at 4000 rpm for 60 s to obtain a resist thickness of ∼65 nm. A pre-bake was then performed by heating the wafer at 170 • C in an oven for 30 min.
Electron-beam lithography (EBL) was performed at 20 keV with a 10 µm aperture using a Raith 150 (Raith). 10 µm by 10 µm arrays of dots were fabricated with a 500 nm pitch for multiple exposure doses (10, 20, 30, . . . , 100 fC) per sample with a large crosshair for easy visibility. After exposure, the samples were developed by immersing them in a 1:3 (v/v) mixture of MIBK and IPA for 20 s, immersing them in IPA for 30 s, and drying them under a stream of N 2 . O 2 plasma reactive ion etching (250 mT, 17% O 2 , 180 W, 15 s) was used to remove any trace organics from the wafer surface after development.
Silanization
3-aminopropyltrimethoxy silane (APTMS, 97%, Sigma) and 3-aminopropyldimethylethoxy silane (APDMES, 97%, Sigma) were used without any purification. Silanization of the nanopatterned PMMA was performed by placing the samples into a desiccator with 100 µl of silane in a watch glass, pulling a vacuum, and leaving the desiccator overnight. The samples were then rinsed with MeOH and water, blown dry with Ar, and placed on a hot plate at 50 • C for 3 h.
Gold nanoparticle synthesis
Au NPs were synthesized as reported elsewhere [24] . A 100 ml solution of 1 wt% HAuCl 4 :3H 2 O (Sigma) in deionized water was brought to a boil under stirring and 1.00, 0.930, or 0.860 ml of 10 wt% trisodium citrate (Sigma) in water was added to the solution to obtain 30, 37, and 50 nm diameter Au NPs, respectively. The solution turned bluish, then purplish, and eventually a bright red, indicating Au NP formation. The synthesis was allowed to run for 10 min before removing the solution from the heat and transferring it to 20 ml vials. These vials were stored in a refrigerator until they were used.
Nanopatterning
The silanized nanopatterns were rinsed for 5 s with chloroform and dried under an Ar stream to remove the unexposed PMMA and to expose the SiO 2 surface. The samples were then placed into a 'flat-mouth' alligator clip and fixed to the arm of a vertical dipper (Microslide stage with NSC-1S controller, Newmark Systems) using double-sided Scotch tape (3M). The sample was then lowered into 5 ml of the Au NP solution. The solution was contained in the sawed-off bottom of a 20 ml vial. In a typical experiment, the sample remained immersed in the Au NP solution for 20 min before being withdrawn from the solution at 10 µm s −1 . The withdrawal rate was controlled by the dipper control software (Newmark Systems).
Effects of the salt concentration on the nanopatterning
Sodium chloride (Sigma) was used to create a 0.1 M solution in deionized H 2 O. To obtain the desired concentrations of NaCl in the Au NP solution, x ml of 0.1 M NaCl solution was mixed with 5.0 − x ml of Au NP solution. For 1, 2, 5, and 10 mM NaCl concentrations, x = 0.05, 0.10, 0.25, and 0.50 ml, respectively. Unless noted otherwise, the solutions were prepared by first adding 4 ml of Au NP solution, then x ml of NaCl solution, and finally 1 − x ml of Au NP solution.
To test the effects when the NaCl is added to the Au NP solution, a 1.0 M solution of NaCl in deionized water was created. First a small volume (100, 150, 200, 300, 500, 900 µl) of the Au NP solution was added to a UV-vis cuvette. Then, 5 µl of the 1 M NaCl solution was added to the cuvette. After shaking the cuvette to ensure good mixing, another small volume of Au NP solution was added to bring the total volume of the solution to 1 ml. The final NaCl concentration of all solutions was 5 mM. UV-vis was used to characterize the solutions after adding the NaCl and after adding the final volume of Au NP solution.
Characterization
UV-visible spectra of the samples were recorded in a UV-vis Bio 50 (Cary). The size and distribution of the Au NPs were characterized by JEOL 3011 HRTEM transmission electron microscopy at 300 keV (JEOL). TEM samples were prepared by drop casting 5 µl of the Au NP solution onto a carbon-coated copper TEM grid (Ted Pella) and allowing the solution to evaporate. Assemblies of the nanopatterned Au NPs were imaged using scanning electron microscopy on a Nova Nanolab FIB/SEM (FEI) at 10 keV. Optical images were taken with an iPhone 4 (Apple).
Results and discussion
Chemical template fabrication and nanopatterning
The nanopatterning technique is illustrated in figure 1 . EBL was performed on pieces of Si wafer that had been spin cast with a 65 nm thick PMMA resist to create arrays of dots. After developing the nanopatterns and a quick O 2 plasma cleaning, the nanopatterns were given a positive charge by functionalizing the exposed Si with an aminosilane via gas-phase silanization in a desiccator under vacuum. Once functionalized, the sample was rinsed with chloroform to remove the unexposed PMMA resist, dried under Ar gas, and then dipped into an aqueous solution of citrate-capped Au NPs. The negatively charged, citrate-capped Au NPs self-assemble on the positively charged nanopatterns via a charge-charge interaction. The self-assembled Au NPs were then observed via scanning electron microscopy (SEM).
Dots were generated by focusing the electron beam on a specific point until the desired exposure dose was achieved. The size of the dots generated by EBL was controlled by varying the exposure dose of the electron beam in the PMMA resist. This technique can be used until the exposure dose is greater than 200 fC, at which point the electron beam begins to cross-link the PMMA resist. The cross-linked PMMA is not removed during development, and is therefore undesirable.
Initially, 3-aminopropyltrimethoxysilane (APTMS) was used to functionalize the nanopatterns. While APTMS was able to direct the self-assembly of the nanoparticles here and elsewhere [10] , the functionalized areas would often feature a raised halo around which the nanoparticles would assemble, as seen in figure S1(a) (supporting information available at stacks.iop.org/Nano/23/045602/mmedia). This halo was most likely due to the gelation of the APTMS during the gas-phase silanization [25] . In order to prevent the formation of this halo, 3-aminopropyldimethylethoxysilane (APDMES) was used to functionalize the nanopatterns. APDMES features only one ethoxy-group, which has much lower reactivity and therefore deters the self-gelation during gas-phase silanization, but still enables monolayer formation and nanoparticle assembly, as seen in figure S1(b) (supporting information available at stacks.iop.org/Nano/23/045602/mmedia).
Unlike other attempts to electrostatically pattern negatively charged Au NPs using aminosilanes, neither resist nor an additional functional molecule was used to inhibit non-specific adhesion of the Au NPs to the substrate. The bare SiO 2 surface proved more than capable of preventing non-specific adhesion of the Au NPs.
Controlling the number of nanoparticles that self-assemble
Monomers, dimers, trimers, and quatramers citrate-capped Au NPs of 37 nm diameter were formed on 41, 50, 56, and 69 nm diameter aminosilane nanodots, as seen in figures 2(a)-(d). The number of particles that assemble on the positively charged nanodot should increase as the size of the nanodot increases. It was previously reported that colloids would assemble until the electric field of the negatively charged colloids compensated for the electric field of the positively charged chemical template [9, 11] . Therefore, if the size of the nanoparticles is altered, then it should be expected that different numbers of nanoparticles will assemble on the same sized nanodot.
Citrate-capped Au NPs were synthesized [24] with 29.6± 4.5, 36.5±5.1, and 50.3±10.3 nm diameters, as confirmed by transmission electron microscopy. Figure 3 shows the number of Au NPs that assembled on different sized nanodots for the 30, 37, and 50 nm diameter Au NPs. As expected, as the size of the nanoparticle increased, the number of nanoparticles that deposited decreased for the same sized pattern. This is a result of the increased negative electric field of the larger nanoparticles due to the increased size and surface area of larger nanoparticles. Thus, fewer nanoparticles were necessary to compensate for the electric field of the positively charged aminosilane nanodot. The variance in the number of nanoparticles that assemble on the nanodot was always less than one and was due to the variance in the size of both the nanoparticles and the nanodots. If it were possible to manufacture monodisperse nanoparticles and nanodots, it would be expected that the number of nanoparticles that assemble on a nanodot would be more uniform. Furthermore, the choice of nanoparticle size was limited by the EBL system, which has a theoretical 20 nm feature resolution.
While the number of particles that self-assemble could be controlled by manipulating the sizes of the Au NPs and the nanodots, the spatial registry could not be controlled. A previous study showed that there was significant variance of the location of a single, electrostatically patterned Au NP within the nanodots [22] . The lack of controlled spatial registry is a limitation of electrostatic patterning. 
Effect of the immersion time on the nanopatterning
In previous work on the electrostatic assembly of nanoparticles, substrates were left in the nanoparticle solutions overnight to reach equilibrium [9] . However, the electrostatic assembly should be rather fast due to the strong attraction between the negatively charged particles and the positively charged nanopattern. In order to determine exactly how long this system takes to reach equilibrium, samples were immersed in 50 nm Au NP solutions for 10, 20, 30, and 60 min. The number of Au NPs that assemble on different sizes of aminosilane nanodots for the aforementioned immersion times is summarized in figure 4 . The standard deviations are omitted for clarity, but it should be noted that the standard deviations were no more than 0.73 for all data points. Thus, it can be concluded that there is no difference in the number of particles that assemble depending on whether the immersion time is greater than 10 min.
From the data, it appears that longer immersion times are of little consequence. The diffusion constant, D, of a Au NP in solution can be calculated using the Stokes-Einstein equation:
where k b is the Boltzmann constant, T is the temperature of the solution (300 K), η is the viscosity of the solution (1 cP), and r is the radius of the particle. For a 50 nm Au NP, D ∼ 878.9 nm 2 s −1 , and the diffusion length, (Dt) 3/2 , of the particle is ∼34.2 µm 3 after 20 min. For a 1 wt% solution of 50 nm Au NPs, there is approximately one nanoparticle per 12.6 µm 3 . Since the particle can diffuse outside of its 'box' in 20 min simply through Brownian motion, it is safe to say that after 20 min, under the influence of an attractive electrostatic force, the negatively charged Au NPs should self-assemble in an equilibrium manner.
Effect of the salt concentration on the nanopatterning
The effect of the salt concentration on the loading density of the Au NPs was also investigated. It was expected that by introducing NaCl, the salt would screen the repulsion between the like-charged Au NPs and a larger number of particles would self-assemble on the same sized nanodot. Samples were dipped for 20 min in 30 nm Au NP solutions with NaCl concentrations of 0, 1, 2, 5, and 10 mM, and withdrawn at 10 µm s −1 . The numbers of particles that assembled on various sized nanodots are summarized in figure 5 . As the NaCl concentration increased, the number of particles that deposited on the nanopattern increased, as expected due to the charge screening effects of the NaCl. Curiously, the NaCl does not seem to have as great an effect at screening the positive charge from the aminosilane nanodot, since the self-assembly is still very fast. Since the number of nanoparticles that self-assembled increased as the salt concentration increased, the standard deviations for those data points were greater than those from lower salt concentrations.
Since the Au NPs are better screened from one another's charge-charge repulsion, the Au NPs are able to more closely pack on each nanodot. Further evidence of the screening effects of the NaCl is seen in the SEM images of samples from the NaCl study, figure 6. In figure 6 there is some non-specific deposition as a result of the charge screening effects of NaCl. What is interesting is that when NaCl is added to the Au NP solution too soon, the concentration spike of NaCl causes the Au NP solution to turn from red to purple until additional Au NP solution is added. The change in color suggests that the NaCl is effective enough at screening the particle-particle repulsion to enable aggregation of the Au NPs. This is evident in figure 6 (b), which shows enhanced non-specific deposition. Conversely, when the NaCl was added when the Au NP solution was nearly at total volume, there was no color change in the solution and very little non-specific deposition. Thus, the order in which the NaCl is added is crucial to the patterning of the Au NPs.
Aggregation of nanoparticles as a result of spikes in the salt concentration
The importance of when the NaCl is added to the Au NP solution was further investigated. A small volume of Au NP solution was added to a UV-vis cuvette, then 5 µl of 1 M NaCl was added to the cuvette, and finally additional Au NP solution was added to bring the total solution volume to 1 ml. The final NaCl concentration was always 5 mM. Table 1 shows the different volumes of Au NP solution that were added and the intermediate NaCl concentration after the NaCl was added to the first volume of Au NP solution. In the case of the 100 µl Au NP solution, the NaCl concentration reached 43.5 mM. The solution color changed from red to purple to clear after adding the NaCl, indicating Au NP aggregation. This was the only solution that showed any noticeable color change after the addition of NaCl. UV-vis was used to further probe for any Au NP aggregation. UV-vis spectra for all solutions after adding NaCl and in their final state are shown in figure S2 (supporting information available at stacks.iop. org/Nano/23/045602/mmedia). From the UV-vis spectra, it would appear that there is some aggregation in the other solutions. The amount of aggregation decreases the later the NaCl is added to the solution. All of the final solutions Figure 6 . Citrate-capped, 37 nm Au NPs patterned on 69 nm aminosilane nanodots from a 1 mM NaCl solution of Au NPs. For (a), the solution was prepared by adding 4 ml of Au NP solution, 50 µl of 0.1 M NaCl, and then 0.95 ml of additional Au NP solution. For (b) the solution was prepared by adding 1 ml of Au NP solution, 50 µl of 0.1 M NaCl, and then 3.95 ml of additional Au NP solution. Adding the NaCl to the solution too soon can result in additional non-specific deposition as seen in (b). appeared red in color, but the second absorption peak around 800 nm was greatest for the solutions in which the NaCl was added sooner. Thus, even though the solutions are still red, there is still some irreversible aggregation that occurs when the NaCl is added due to the charge screening. The Debye length, κ −1 , is the scale over which mobile charge carriers screen out electric fields. The Debye length provided by an ionic salt is given by
where λ B is the Bjerrum length of the medium (∼0.7 nm for water at room temperature), N A is Avogadro's number, and I is the concentration of the salt in mol dm −3 (mol l −1 ). As the concentration of the NaCl increases, the screening length exponentially decreases. At 50 mM, κ −1 = 1.37 nm, so the Au NPs can get fairly close to each other. Based on the intermediate concentrations listed in table 1, it appears that Au NP aggregation aggressively begins when the Debye length reaches a critical value between 1.71 and 1.41 nm. In other words, once the Au NPs are able to get within ∼1.5 nm of each other, the Au NPs are able to aggregate.
Previous work on the electrostatic self-assembly of Au NPs on aminosilane chemical functionalized nanopatterned surfaces suggested that there was a permanent bond between the Au NP and the aminosilane [9] . However, the conditions present are not suitable to form an amide bond [26, 27] . Therefore, the only forces that may be present to bind the Au NP to the substrate would be van der Waals forces and the electrostatic forces. In order to investigate the relative strength of these forces, an aminosilane functionalized nanopatterned surface with already patterned Au NPs was immersed in a 10 mM NaOH solution for 10 h. SEM images of the patterned Au NPs before and after immersion in the NaOH are seen in figure 7 . It was expected that in the NaOH solution the APDMES would be deprotonated, since the pK a of the tertiary amine is ∼9.5 and a 10 mM solution of NaOH has a calculated pH of 12. It was found that at a pH of 11, no Au NPs would self-assemble on the APDMES patterned substrate (figure S3, supporting information available at stacks.iop. org/Nano/23/045602/mmedia). However, no Au NPs were displaced or rearranged after the immersion in NaOH. Only after sonicating the sample in 10 mM NaOH for 15 min do the Au NPs begin to be disturbed. As seen in the sonicated SEM images in figure 7 , some Au NPs have been liberated. After 60 min of sonication, no Au NPs remained on the nanopatterned surface. Furthermore, when using higher concentrations of NaOH, sonication was still necessary to remove the Au NPs. This suggests that the van der Waals forces are holding the Au NPs on the template even in the absence of the electrostatic force. This confirms a previous result which showed that the van der Waals forces dominate as a citrate-capped Au NP moves within 10 nm of an aminosilane patterned SiO 2 surface [17] . When the distance between the Au NP and the surface was 1 nm, the binding energy due to van der Waals forces was calculated to be 1.19 eV. At 300 K, the thermal kinetic energy (1.5k b T) of the Au NP is calculated to be 38.7 meV. Thus, the additional sonication was necessary to overcome the van der Waals forces to liberate the Au NPs bound to the substrate.
Conclusion
In conclusion, a straightforward and effective technique to pattern Au NPs using chemically modified nanopatterned Figure 7 . SEM images of a sample of self-assembled Au NPs on a large alignment mark that were exposed to a 10 mM NaOH solution for various times and conditions in order to lift off the Au NPs.
surfaces was demonstrated. Unlike other systems that use aminosilanes to electrostatically pattern Au NPs, this system does not require an additional functional molecule to prevent non-specific deposition on unpatterned areas. The system allows very fast assembly of the Au NPs, taking only 20 min to reach equilibrium. Using NaCl to screen the inter-particle repulsion allowed for greater numbers of particles to assemble on the same sized chemical nanopattern. However, great care should be taken when preparing the Au NP solution with NaCl to prevent unwanted Au NP aggregation. Furthermore, in addition to neutralizing the electrostatic attraction, agitation such as sonication is necessary to remove the self-assembled Au NPs from the chemically modified nanopatterned surface due to the strong van der Waals forces between the Au NPs and the SiO 2 substrate. This technique could be extended to any charged nanoparticle and should allow for precise patterning of nanoparticles for use in sensors, photonic crystals, and other devices.
